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In the spring of 2009, a novel influenza A (H1N1)
virus emerged in North America and spread world-
wide to cause the first influenza pandemic since 1968.
During the first 4 months, over 500 deaths in the
United States had been associated with confirmed
2009 pandemic influenza A (H1N1) [2009 H1N1] virus
infection. Pathological evaluation of respiratory spec-
imens from initial influenza-associated deaths sug-
gested marked differences in viral tropism and tissue
damage compared with seasonal influenza and
prompted further investigation. Available autopsy
tissue samples were obtained from 100 US deaths
with laboratory-confirmed 2009 H1N1 virus infection.
Demographic and clinical data of these case-patients
were collected, and the tissues were evaluated by
multiple laboratory methods, including histopatho-
logical evaluation, special stains , molecular and
immunohistochemical assays, viral culture, and elec-
tron microscopy. The most prominent histopathologi-
cal feature observed was diffuse alveolar damage in the

lung in all case-patients examined. Alveolar lining cells,
including type I and type II pneumocytes, were the
primary infected cells. Bacterial co-infections were
identified in >25% of the case-patients. Viral pneumo-
nia and immunolocalization of viral antigen in associa-
tion with diffuse alveolar damage are prominent fea-
tures of infection with 2009 pandemic influenza A
(H1N1) virus. Underlying medical conditions and bacte-
rial co-infections contributed to the fatal outcome of this
infection. More studies are needed to understand the
multifactorial pathogenesis of this infection. (Am J
Pathol 2010, 177:166–175; DOI: 10.2353/ajpath.2010.100115)

In April 2009, novel influenza A (H1N1) virus infection was
first reported in two US children,1 followed by identifica-
tion of cases with acute respiratory illness caused by the
identical virus infection in Mexico.2 Global transmission of
2009 influenza A (H1N1) [2009 H1N1] virus led to the first
influenza pandemic since 1968. Although most case-
patients of 2009 H1N1 had mild-to-moderate illness, se-
vere and fatal disease has been reported,3–5 with an
estimated mortality of 0.048% among symptomatic US
cases.6

In previous influenza pandemics, studies of autopsy
specimens revealed histopathological findings of bron-
chitis, thrombosis, interstitial inflammation, hyaline mem-
brane formation, and various degrees of intra-alveolar
edema, hemorrhage, and inflammation.7–10 In contrast,
studies of fatal seasonal influenza cases illustrated that
viral localization is primarily in major airways, with rare
involvement of alveolar cells and lung parenchyma.11,12

Several studies of previous pandemics concluded that
the majority of deaths were likely due to viral infection
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concurrent with bacterial pneumonia.10,13 A few his-
topathological and immunohistologic studies of fatal
2009 H1N1 cases have been recently described.14–17 In
this report, we describe some of the unique clinicopatho-
logic and epidemiological aspects of a large number of US
deaths associated with 2009 H1N1 virus infection. We per-
formed histopathological, immunohistochemical (IHC), and
other laboratory methods to study viral distribution and cel-
lular localization and to provide further insights into the
pathogenesis of this disease.

Materials and Methods

Patient Characteristics and Specimens

This study includes autopsy specimens from confirmed
2009 H1N1 case-patients submitted to the Infectious Dis-
eases Pathology Branch, Centers for Disease Control
and Prevention (CDC), for evaluation from May 1 to Oc-
tober 1, 2009. A confirmed case of 2009 H1N1 was
defined as a patient with influenza-like illness and 2009
H1N1 virus infection confirmed by real-time RT-PCR (rRT-
PCR) of either pre- or postmortem respiratory specimens
at outside laboratories or CDC. Demographic data, lab-
oratory test results for influenza virus and bacteria, and
other relevant clinical information were collected from
medical records and preliminary autopsy reports when
available. Tissues were received as unfixed fresh or fro-
zen, fixed in formalin, or as formalin-fixed, paraffin-em-
bedded (FFPE) blocks. Autopsy specimens from 202
deaths were received by the Infectious Diseases Pathol-
ogy Branch, and 104 of these were confirmed as de-
scribed above. Four case-patients who did not have suf-
ficient representative respiratory tissues available were
excluded from the evaluation. Nonrespiratory tissues
were evaluated from some case-patients, including heart
(n � 30), liver (n � 23), brain (n � 19), kidney (n � 14),
spleen (n � 12), gastrointestinal tract (n � 10), muscle
(n � 4), and pancreas (n � 4).

Nucleic Acid Extraction

Nucleic acid extracts were prepared by using either fresh
or frozen tissue samples or FFPE tissues. Briefly, for fresh
or frozen tissues, a 1 to 3 mm3 portion of tissue was
minced, and nucleic acids were extracted per protocol
by using the RNeasy Mini Kit (Qiagen, Valencia, CA) for
RNA and EZ1 DNA Tissue Mini Kit for DNA. For FFPE
sections, the EZ1 RNA, DNA Tissue Mini Kits, MagAttract
RNA, or DNA Tissue Mini M48 Kits (Qiagen) were used.

RT-PCR Assays for Influenza A Virus

The CDC rRT-PCR Protocol for Detection and Character-
ization of Swine Influenza, (http://www.who.int/csr/
resources/publications/swineflu/realtimeptpcr/en/index.html,
last accessed May 11, 2010), which universally detects
influenza A viruses, swine influenza A viruses, and swine H1
influenza, was used to determine whether respiratory tissue
samples from all case-patients and select nonrespiratory

tissues were positive for 2009 H1N1. RNase P or �2-
microglobulin gene targets were used as an internal control
to ensure effective RNA extraction. In cases where the
samples were identified as influenza A/unsubtypeable us-
ing this assay, primers and probes from a recently pub-
lished assay that discriminates seasonal H1 from pandemic
H1 in a single tube were used with modified cycling
conditions.18

PCR Assays for Additional Respiratory Viruses

PCR assays for respiratory syncytial virus, parainfluenza
viruses, and adenovirus were also performed by using
the extracted nucleic acids.

PCR Assays for Bacterial Agents

The DNA extracts from respiratory tissues from all case-
patients were evaluated with a broad-range eubacterial
PCR assay targeting the 16S rRNA gene.19 Conventional
single stage or nested PCR assays for Streptococcus
pneumoniae targeting the pneumolysin gene20; Strepto-
coccus pyogenes targeting the Streptococcal pyrogenic
exotoxin B (speB) gene21; and Haemophilus influenzae
targeting the outer membrane protein P6 gene22 were
performed by using DNA from select case-patients. Am-
plified PCR products were sequenced on a CEQ 8000
automated sequencer (Beckman Coulter, Fullerton, CA)
for confirmation. DNA extracts from select cases were
tested for methicillin-resistant Staphylococcus aureus
(MRSA) and methicillin-sensitive S. aureus (MSSA) with
two real-time multiplex PCR assays: (1) S. aureus toxin
genes PCR assay targets Panton-Valentine Leukocidin
gene and toxic shock syndrome toxin 1 gene; (2) PCR
assay, which detects mecA (exogenous gene encoding
methicillin resistance in staphylococci), nuc (heat stable
DNA nuclease, specific for S. aureus), and femA (factor
essential for methicillin resistance, specific for Staphylo-
coccus epidermidis) genes.23 The presence of amplifiable
DNA in all extracts was verified by amplification of human
house-keeping genes �-globin and glyceraldehyde-3-
phosphate dehydrogenase.

Histopathological Evaluation

Routine H&E stains of available major organs were eval-
uated for histopathological changes. Lillie-Twort Gram
stain and Warthin-Starry silver impregnation stain were
performed on selected sections of all case-patients to
examine for the presence of bacterial infection.

IHC Assays

IHC assays were performed by using a polymer-based
colorimetric indirect immunoalkaline phosphatase method.
Respiratory and available nonrespiratory tissues from all
case-patients were evaluated with a monoclonal antibody
against the nucleoprotein of influenza A virus.24 Select
respiratory sections from all case-patients were evalu-
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ated with a polyclonal antibody against Group A Strep-
tococcus (S. pyogenes)21; a polyclonal antibody against
S. pneumoniae25; a polyclonal antibody against H. influ-
enzae; and a monoclonal antibody against S. aureus. The
antibody/polymer conjugate was visualized by applying
UltraVision LP system with Napthol Phosphate Substrate
(Thermo Scientific/Lab Vision) to tissue sections. Negative
controls consisted of sequential tissue sections incubated
with normal serum pertinent to the primary antibody. Dou-
ble-stain IHC was performed by using peroxidase poly-
mer-labeled antibodies (Dako, Carpinteria, CA) against
cytokeratin, surfactant, or CD68, followed by the mouse
anti-influenza A nucleoprotein antibody labeled with im-
munoalkaline phosphatase polymer.26

Electron Microscopic Examination

Formalin fixed tissues or FFPE sections from five cases
with duration of illness �7 days and abundant immuno-
staining were processed for transmission electron mi-
croscopy as previously described.27,28

Viral Culture

Confluent monolayers of MDCK cells grown in Dulbec-
co’s modified Eagle’s medium were inoculated with fresh

respiratory tissue and monitored daily for cytopathic ef-
fect. Immunofluorescence testing by using the monoclo-
nal antibody against nucleoprotein was performed when
cytopathic effect was identified or 8 days postinoculation
if no cytopathic effect was observed.

Results

Patient Characteristics

One hundred confirmed case-patients with fatal 2009
H1N1 virus infection were evaluated at the Infectious
Diseases Pathology Branch during May 12 to October 1,
2009. Fifty-three (53%) of these case-patients had 2009
H1N1 confirmed by postmortem specimen testing. The
median age of fatal case-patients was 36 years (range, 2
months to 84 years), 80% were aged 20 to 60 years, and
51 (51%) were male patients (Table 1). The majority
(85%) of case-patients with known previous medical his-
tory had at least one underlying comorbidity. Obesity
(46%), cardiovascular disease (25%), and asthma (22%)
were the three most frequent conditions reported. Fever
(82%), cough (67%), and shortness of breath (58%) were
the most common signs and symptoms reported, with a
median duration from illness onset to death of 8 days
(range, 1 to 44 days). Fifty-eight (67%) of 87 case-pa-
tients with available clinical history were hospitalized be-
fore death. Forty-two (74%) of 57 case-patients with avail-
able hospital records required mechanical ventilation.
Radiographical diagnosis of pneumonia was docu-
mented in 59% (38 of 64) of case-patients.

Histopathological Findings

Table 2 presents the histopathological features observed
in airways and lungs. Eighty-five case-patients had air-
way tissues available for evaluation. The most frequent
histopathological findings in airways were inflammation

Table 1. Characteristics of Confirmed 2009 H1N1
Case-Patients with Autopsy Samples Evaluated for
Pathologic Features

Characteristic No. (%)

Male patients 51 (51)
Age group

0–9 4 (4)
10–19 13 (13)
20–29 17 (17)
30–39 24 (24)
40–49 22 (22)
50–59 17 (17)
�60 3 (3)

Medical history (n � 93)
At least one pre-existing condition 79 (85)
Obesity* 43 (46)

Extreme obesity* 16 (17)
Cardiovascular disease 23 (25)
Asthma 20 (22)
Diabetes 12 (13)
Pregnancy 6 (6)
HIV infection 4 (4)

Duration of illness, median days (range) 8 (1–44 days)
Clinical symptoms (n � 72)

Fever 59 (82)
Cough 48 (67)
Shortness of breath 42 (58)
Headache 11 (15)
Fatigue/weakness 10 (14)
Sore throat 11 (15)
Vomiting 16 (22)
Diarrhea 8 (11)

Hospitalized (n � 87) 58 (67)
Invasive mechanical ventilation (n � 57) 42 (74)
Antiviral treatment (n � 67) 44 (66)

*Obesity is defined as body mass index �30 and extreme obesity
as body mass index �40.

Table 2. Histopathological Features in Respiratory Tract
Specimens of 2009 H1N1 Fatal Case-Patients
(N � 100)

Histopathologic feature

No. (%) of
case-patients
with feature

Trachea and bronchi (n � 85)
Inflammation and edema 56 (66)
Necrosis 22 (26)
Hemorrhage 15 (18)

Lung* (n � 100)
Edema 63 (63)
Hyaline membranes 59 (59)
Fibrin 58 (58)
Hemorrhage 58 (58)
Inflammation 48 (48)
Type II pneumocyte hyperplasia 46 (46)
Neutrophilic bronchopneumonia 29 (29)
Organizing fibrosis 28 (28)
Squamous metaplasia 12 (12)

*Edema, fibrin, and hemorrhage were seen in alveolar spaces;
inflammation and organizing fibrosis primarily involved interstitium but
were also focally seen within alveolar spaces.
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and edema (66%). The inflammation was usually mild
and consisted predominantly of mononuclear cells (Fig-
ure 1A). Necrosis of epithelium (26%) and hemorrhage
(18%) were less frequently observed. Lung tissues in all
case-patients showed a spectrum of histopathological
changes of diffuse alveolar damage (DAD), including
edema, hyaline membranes, inflammation, and fibrosis
(Figure 1, B–G). The nature and extent of DAD generally
corresponded to the duration of clinical illness of the
patients. Forty-one case-patients had paratracheal or hi-
lar lymph nodes available for evaluation, and hemophago-
cytosis was noted in 25 (61%) of these case-patients. Pul-
monary thromboemboli were noted in gross autopsy
findings or microscopically in 17 case-patients. No his-
topathological evidence of myocarditis or encephalitis was
observed in any of the case-patients with heart (n � 30) or
brain samples (n � 19) available for evaluation. Histopatho-
logical findings in other organs were nonspecific and likely
associated with the patients’ underlying medical conditions.

These findings included prominent eosinophils in patients
with history of asthma, enlarged nuclei of cardiac myocytes
in patients with history of hypertension, and fatty metamor-
phosis in the liver in obese patients.

Viral Localization and Cellular Targets

The IHC assay results for influenza A were positive in
respiratory tissues from 44 of the 100 case-patients
(44%); the amount of influenza virus antigen varied, with
abundant immunostaining in nine case-patients and rare
in 24 case-patients. Viral nucleoprotein antigens were
localized in the nuclei and cytoplasm of infected cells,
including epithelial cells in airways (Figure 2A), submu-
cosal glands (Figure 2B), and pneumocytes, either de-
tached or lining alveoli (Figure 2, C–E). Antigens were
also seen in association with hyaline membranes (Figure
2F) and in endothelial cells in rare cases (Figure 2G).

Figure 1. Histopathological findings in airway and lung; H&E staining. Original magnification: �50 (A, B, E, and G); �25 (C and D); �100 (F). A: Inflammation
in the airway is usually mild and predominantly composed of mononuclear cells. B: The lungs show various phases of diffuse alveolar damage, including fibrinous
inflammation, intra-alveolar hemorrhage (C), intra-alveolar edema and hyaline membrane formation (D and E), type II pneumocytes hyperplasia (F), and
organizing fibrosis (G).
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Figure 2. Immunolocalization of 2009 H1N1 influenza viral antigens and ultrastructural features: immunoalkaline phosphate staining, naphthol fast red substrate
with light hematoxylin counterstain (A–G); double immunostaining with immunoperoxidase and immunoalkaline phosphatase, naphthol fast red substrate with
light hematoxylin counterstain (H–J); and thin-sectioned electron microscopy (K and L). Original magnification: �50 (A, D, and F); �25 (B); �12.5 (C); �100
(E and G); �158 (H–J). Scale bars � 500 nm (K); 100 nm (L). A: Viral antigens are detected in the nuclei of infected airway epithelial cells. B: Viral antigens are
seen in submucosal glands. C–E: Viral antigens are predominantly present in the nuclei of alveolar lining cells, including type I and type II pneumocytes; many
of them have detached and are in the alveolar space. F: Immunostaining of viral antigens is seen in hyaline membranes lining alveoli. G: Viral antigens are located
in endothelial cells. H and I: Double staining reveals influenza viral antigens (brown) are predominantly in pneumocytes (red, co-labeled with cytokeratin [H]),
specifically in type II pneumocytes (red, co-labeled with surfactant [I]). Viral antigen (brown) can also be seen in occasional macrophages (red, co-labeled with
CD68 [J]). K: Electron micrograph showing infected cell (asterisk) with extracellular virus particles, associated with dense material. L: Virions consist of internal
nucleocapsids surrounded by an envelope with surface projections.
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Figure 3. Bacterial co-infections detected with histopathology, special stains, and IHC. A, D, and G: H&E staining; B, E, and H: immunoalkaline phosphate
staining, naphthol fast red substrate with light hematoxylin counterstain; C and F: Lilly-Twort tissue Gram staining. Original magnification: �25 (A, D, and G);
�100 (B and E); �158 (C and F); �50 (H). A: Abundant neutrophilic infiltrate in the alveoli indicative of an acute pneumonic process. B: Extracellular and
intracellular immunostaining of S. pneumoniae antigens. C: Gram-positive cocci in the serial section as B. D: Abundant neutrophilic infiltrate in the alveoli of
another patient with pneumonia. E: Extracellular and intracellular immunostaining of Group A Streptococcus antigens. F: Gram-positive cocci in the serial section
as E. G: Prominent necrosis and neutrophilic infiltrate indicative of a necrotizing pneumonia. H: Abundant immunostaining of S. aureus.
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Double staining revealed that the major cellular targets of
viral infection were pneumocytes (co-labeled with cyto-
keratin; Figure 2H), predominantly type II (co-labeled with
surfactant; Figure 2I), and occasionally macrophages
(co-labeled with CD68; Figure 2J). No immunostaining of
influenza A viral antigen was detected in any of the non-
respiratory tissue samples available. Influenza rRT-PCR
testing on a limited number of these nonrespiratory sam-
ples was also negative. Electron microscopic examina-
tion of lung tissue identified rare infected cells with extra-
cellular virus particles in the alveolar space (Figure 2K).
Virions were round to oblong-shaped and averaged 88
nm in diameter; some particles were surrounded by
spikes approximately 12 nm in length (Figure 2L).

Bacterial and Viral Co-Infections

Overall, 26 (26%) case-patients had confirmatory test
results of bacterial co-infection. Twenty-nine case-pa-
tients showed histopathological evidence of broncho-
pneumonia with prominent alveolar polymorphonuclear
cells, indicating a possibility of bacterial co-infection (Fig-
ure 3A, D, and G). Of these, 22 (76%) case-patients had
a specific bacterial pathogen identified. Bacterial agents
were identified in an additional four case-patients that did
not show histopathological evidence of bronchopneumo-
nia in the tissue sections examined. Gram-positive cocci
were the most frequent bacteria identified by using spe-
cial stains (Figure 3C and F). IHC and PCR assays were
positive as follows: nine case-patients positive for S.
pneumoniae (Figure 3B); three case-patients for S. pyo-
genes (Figure 3E); one case-patient for both S. pyogenes
and S. pneumoniae; one case-patient for both S. pyo-
genes and S. mitis; one case-patient for S. mitis; one
case-patient for S. agalactiae; four case-patients for
MRSA (Figure 3H); one case-patient for both MRSA and
S. pyogenes; one case-patient for both MRSA and H.
influenzae; and four case-patients for MSSA. None of the
case-patients were found to have evidence of a co-infec-
tion with respiratory syncytial virus, parainfluenza viruses
1 to 3, or adenovirus.

Concordance of Diagnostic Test Results

Of the 100 case-patients with confirmed 2009 H1N1,
testing of respiratory tissue by rRT-PCR assays at CDC
were positive for influenza A virus in 90, including 87 for
H1N1 and 3 nonsubtypeable virus (Table 3). Based on
available records for 80 case-patients with known dura-
tion of illness, rRT-PCR results were positive for 2009
H1N1 in respiratory tissue specimens of 42 (53%) case-
patients with illness duration �10 days and in 28 case-
patients (35%) with illness �10 days when death oc-
curred. Negative rRT-PCR results for 2009 H1N1 were not
observed in any case-patients with known illness duration
�10 days, but results were negative in seven case-pa-
tients (9%) with duration �10 days. In these same 80
case-patients with known duration of illness, positive IHC
results for influenza A viral antigen were observed in
respiratory tissues of 31 case-patients (39%) with illness

duration �10 days and in five case-patients (6%) with
illness �10 days. In contrast, negative IHC results for
influenza A were observed in respiratory tissues of 14
case-patients (18%) with time from onset to death �10
days and in 31 case-patients (39%) who died after an
illness �10 days. The 2009 H1N1 virus was isolated from
fresh lung tissue specimens in 5 of 30 case-patients
tested.

Discussion

This report presents pathological studies on autopsy
samples from 100 patients with fatal 2009 H1N1 virus
infection that occurred between May and October 2009
in the United States. Histopathological evaluations re-
vealed DAD as the most significant and consistent find-
ing, and immunolocalization showed viral antigens pre-
dominantly in the lung parenchyma. This is somewhat
similar to the pattern observed in fatal case-patients of
highly pathogenic avian influenza (H5N1).29–32 However,
a significant proportion of 2009 H1N1 case-patients in
this report also showed viral localization along with in-
flammation or other histopathological changes in trachea,
bronchi, or bronchioles (Table 2), a pattern more com-
monly seen in severe or fatal cases of seasonal influen-
za.11 Lung parenchyma had a remarkably high amount of
viral antigen observed in close association with DAD
when compared with areas with less histopathological
damage. The amount of viral antigen was variable and
was more abundant in case-patients with a shorter dura-
tion of illness; this may reflect clearance of viral antigens
by host immune responses later in the clinical course.

Our results indicate that 2009 H1N1 virus can target
the lower respiratory tract, resulting in DAD, as mani-
fested clinically by severe adult respiratory distress syn-
drome with refractory hypoxemia.5,16,33,34 These findings
reinforce current recommendations to initiate early em-
pirical neuraminidase inhibitor treatment of hospitalized
patients with suspected 2009 H1N1 infection.35 The viral

Table 3. Diagnostic Results for Respiratory Tissues
Evaluated from 100 Fatal Cases of 2009 H1N1

Influenza A
Bacterial

co-infections Total no. of
case-patientsRT-PCR* IHC PCR IHC

� � � � 33
� � � � 29
� � � � 14
� � � � 10
� � � � 1
A/unsub � � � 2
A/unsub � � � 1
� � � � 8
� � � � 1
� � � � 1
Total 100

*Of the 100 case-patients included in this study, 90 were positive for
influenza A in respiratory tissue evaluated, either for 2009 H1N1 (�) or
nonsubtypeable (A/unsub). The 10 case-patients that were PCR
negative (�) were confirmed by outside laboratory results from clinical
samples.
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immunolocalizations in lower airway and lung paren-
chyma are in agreement with studies of receptor binding
demonstrating the ability for 2009 H1N1 virus to target
both upper and lower respiratory tract tissue.36–39 The
differential presence of receptors and nature of the virus
may account, at least in part, for the dissimilarity of his-
topathological changes and viral antigen distribution
among seasonal influenza A, avian influenza A (H5N1),
and 2009 H1N1 viral infections.36,40–42

The cellular localization of viral antigens was primarily
in pneumocytes, especially type II, and was demon-
strated by double immunostaining for influenza virus and
cell markers, such as surfactant and cytokeratin. Many of
these antigen-laden pneumocytes were seen detached
in alveolar spaces. Morphologically these can be ex-
tremely difficult to distinguish from alveolar macro-
phages, but double staining confirmed their identity as
pneumocytes. Type II pneumocytes play an important
role in tissue restitution after acute lung injury and are
known to secrete pulmonary surfactants. Surfactants re-
duce surface tension to preserve the integrity of alveolar
space and also play important roles in modulating inflam-
mation and enhancing pathogen clearance.43 In general,
immunolocalization of viral antigens does not indicate
active viral replication; however, nuclear immunostaining
is highly suggestive of the replication process. Further-
more, the finding of viral antigen within pneumocytes and
in association with hyaline membranes suggests a direct
viral cytopathic effect as a major pathogenic mechanism
in this disease.

Besides the primary viral pneumonia, other factors,
such as underlying medical conditions and bacterial co-
infections may also contribute to DAD observed with
severe 2009 H1N1 virus infection. The vast majority of
fatal case-patients assessed in this study with available
medical history had underlying medical conditions. Obe-
sity (body mass index � 30) was the most significant
associated underlying condition (Table 1), and 17% of
case-patients were extremely obese (body mass index
� 40). Obesity is associated with several disorders in-
cluding obstructive sleep apnea and is a risk factor for
the development of asthma, deep vein thrombosis, pul-
monary embolism, pulmonary hypertension, and pneu-
monia. There is also a clear association between obesity
and prevalence of metabolic disorders; however, very
little is known about the effect of obesity on immune
function, especially during viral infection. Smith et al44

reported that diet-induced obese mice were more sus-
ceptible to morbidity and mortality with influenza virus
infection than lean mice. In this model, obesity is postu-
lated to interfere with cellular responses to influenza virus
infection, leading to selective impairment in dendritic cell
function and alterations in T-cells, but the impact on the
human immune response is unknown. Other medical
conditions, such as asthma, cardiovascular diseases,
diabetes, and pregnancy, which were prevalent among
case-patients, have all been associated with a higher
morbidity and mortality with influenza.45–47 Further stud-
ies are needed to elucidate the pathophysiologic effect of
obesity and other medical conditions on patients with
2009 H1N1 virus infection.

Co-infections may also affect the nature and severity of
clinical manifestations and disease outcome. There was
no evidence of other common respiratory viral infections
in this case series; however, these results may be biased
by the seasonality of these viruses. On the other hand,
bacterial pneumonia was present in 29% of case-patients
in this series. Bacterial co-infections in severe and fatal
influenza case-patients have been well documented in
previous influenza pandemics and in seasonal epidem-
ics.8,10,11 As previously reported,11 it is often difficult to
correlate bacterial culture results with clinicopathologic
features due to confounding issues, such as sampling,
postmortem contamination, culture techniques, and anti-
biotic treatment. IHC assays performed by using FFPE
tissues allow identification of specific respiratory bacte-
rial pathogens in lung tissues with bronchopneumonia
and confirmed by paneubacterial 16S rRNA PCR and
agent-specific PCR assays. Bacterial co-infections with
S. pneumoniae and S. aureus were the most frequent
identified in this study. The prevalence of invasive S.
aureus, either MRSA or MSSA, was high among younger
patients. For 20 of 26 case-patients where bacteria were
identified from a tissue sample and duration of illness
could be determined, 16 case-patients (80%) had dura-
tion less than 10 days and four case-patients (20%) more
than 10 days, suggesting a correlation between bacterial
co-infections and shorter duration of illness before death.
Our results strongly support, in addition to antiviral med-
ications, managing influenza patients with suspected
bacterial pneumonia with empirical antibacterial thera-
py.48 Additionally, expanded efforts are indicated to im-
prove pneumococcal vaccine coverage among targeted
risk groups.49

There was no evidence of myocardial inflammation in
any case-patient, although myocarditis is associated with
seasonal influenza11,50 and is likely to occur in 2009
H1N1 patients. Histopathological findings in nonrespira-
tory tissues were nonspecific and most likely due to un-
derlying conditions. Although viral antigens were seen in
rare endothelial cells in lung and most likely represent
phagocytosed antigens, no evidence of virus was seen
outside of the respiratory system. Hemophagocytosis
was present in over half of the case-patients with lymph
nodes available for evaluation. Hemophagocytosis is a
nonspecific histopathological finding that can be ob-
served in many infectious diseases, including influenza,
and may be triggered by cytokines.32,51,52 In severe
H5N1 virus infection, high viral replication in the lower
respiratory tract is associated with cytokine dysregula-
tion.53 Several studies of natural and experimental influ-
enza infections demonstrated correlation between symp-
toms and elevated cytokines, including interleukin-4,
interleukin-6, and tumor necrosis factor-�, in plasma or
nasopharyngeal specimens in the absence of viremia.30,54

Some systemic symptoms and complications of 2009
H1N1, such as encephalopathy or encephalitis, may be a
result of cytokine dysregulation and not direct viral invasion
of extrapulmonary tissues.

Many respiratory viral infections can cause DAD, es-
pecially at the end stage of critical illness. Some of these
viruses, such as adenoviruses, human herpesviruses,
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and respiratory syncytial virus, may show distinct cyto-
pathic effects or inclusions in the lung. Because these
distinct features are not observed with influenza virus
infection, a combination of clinical, epidemiological, and
laboratory data are necessary to diagnose influenza virus
infection in fatal cases. In this series, confirmatory labo-
ratory diagnosis was established primarily by rRT-PCR,
and confirmation of 2009 H1N1 was obtained only by
postmortem evaluation in over half of the case-patients.
This underscores the important role of medical examin-
ers, coroners, and pathologists in infectious disease
surveillance.

In summary, the most prominent histopathological
feature observed in 2009 H1N1 deaths is diffuse alve-
olar damage associated with viral antigen localization
in type II pneumocytes and alveolar lining cells. Bac-
terial co-infections also contributed to the severity of
2009 H1N1 infection. Additionally, the severe or fatal
outcome of 2009 H1N1 infection may be attributable
to unknown immunological factors and underlying
medical conditions, such as obesity and asthma. More
studies, including building on experimental animal
studies,37,38,55,56 are clearly needed to assess other
potential host and genetic risk factors to further char-
acterize the pathogenesis and to determine effective
treatment strategies for severe illness caused by 2009
H1N1 virus infection.
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